Introduction
Helicobacter pylori represents one of the most successful pathogens on our planet, colonizing 50% of the human population. Infection with this bacterium commonly results in asymptomatic gastritis, but more severe gastric diseases such as peptic ulceration and adenocarcinoma may arise in a subset of patients (Salama et al., 2013; Amieva and Peek, 2016) . One of the best studied bacterial virulence determinants is the cag pathogenicity island (PAI). The cagPAI is only found in highly virulent strains and encodes a T4SS with the effector protein CagA (Ohnishi et al., 2008; Backert et al., 2015) . The T4SS core complex is about 41 nm in diameter, containing a central ring associated with an outer ring by spoke-like linkers, and is composed of five proteinsCag3, CagM, CagT, CagX and CagY (Frick-Cheng et al., 2016) . This core complex is connected to a 200-300 nm extracellular pilus structure, called the T4SS-pilus (Rohde et al., 2003; Kwok et al., 2007) . Remarkably, T4SS-pilus formation is induced on host cell contact and requires a host cell receptor, integrin a 5 b 1 (Kwok et al., 2007) . A number of T4SS proteins, including CagL, CagY, CagI and CagA, interact with integrin a 5 b 1 followed by translocation of CagA into host cells (Kwok et al., 2007; Jim enez-Soto et al., 2009) . CagA itself was originally discovered as an immunodominant serum antigen. Clinical studies have shown that patients that are seropositive both for H. pylori and CagA exhibit a 5.8-fold higher risk of developing intestinal and diffuse gastric adenocarcinoma compared to uninfected individuals, while persons carrying CagA-negative isolates are only at a 2.2-fold higher risk of developing distal gastric adenocarcinoma compared to uninfected individuals (Parsonnet et al., 1997) . Functional examination in the Mongolian gerbil (Franco et al., 2005 (Franco et al., , 2008 , transgenic mice (Ohnishi et al., 2008) , Drosophila (Wandler and Guillemin, 2012) and zebrafish (Neal et al., 2013) model systems have documented comprehensively that CagA expression is sufficient to trigger cancerogenic outcome. However, most of our knowledge on specific CagA functions stems from infection studies of cultured gastric epithelial cells in vitro.
CagA is a unique protein of 120-140 kDa, sharing no sequence homology to any known proteins in databases. Numerous CagA crystal structures of N-terminal segments were disclosed (Hayashi et al., 2012; Kaplan-T€ urk€ oz et al., 2012) . The entire C-terminal part of CagA, however, was not yet crystalized and contains the so-called EPIYA (Glu-Pro-Ile-Tyr-Ala) motifs, representing tyrosine phosphorylation sites by Src and Abl kinases . As shown in Fig. 1A and B, four specific EPIYAmotifs were discovered, typed EPIYA-A, -B and -C in Western countries and EPIYA-A, -B and -D in East Asia, which can occur in different numbers and combinations (Hayashi et al., 2013; Lind et al., 2014) . Even before these sequences were identified to be the sites of CagA phosphorylation, certain sequence variations within the EPIYAregion have been reported and associated with gastric disease outcome (Yamaoka et al., 1998; Yamaoka et al., 1999) . In addition, the C-terminus includes 16 amino acid (FPLKRHDKVDDLSKVG) sections named CM (CagA multimerization) or CRPIA (conserved repeat responsible for phosphorylation-independent activity) motifs with crucial functions as structural elements and in signal transmission (Ren et al., 2006; Saadat et al., 2007; Suzuki et al., 2009) . Dozens of studies in recent years have documented that CagA can interact with more than 25 host cell proteins, particularly in phosphorylation-dependent and phosphorylation-independent fashions. This leads to a massive disturbance of signal transduction involved in gastric disease development. Here we review our current knowledge on the CagA functions in the multitude of affected host signaling cascades in epithelial cells with focus on affected kinases and their importance in H. pylori persistence and pathogenesis. Selected key studies investigating the impact of CagA on tyrosine kinases (Supporting Information Table S1 ) and serine/threonine kinases (Supporting Information Table S2 ) are emphasized. The overall complexity of these CagA activities is summarized in a model ( Fig. 1C and D) .
The 'masterkey' or 'picklock' hypothesis
The interactions of tyrosine-phosphorylated CagA (CagA PY ) with host cell factors have been studied in great detail. In mammals, phosphotyrosine (PY) sites serve as a recognition motif primarily through Src homology 2 (SH2) domains and PY-binding (PTB) domains, which normally act in a modular, key and lock fashion (Seet et al., 2006; Wagner et al., 2013) . Specificity is important, as binding to other SH2/PTB domains would activate the inappropriate signaling pathway in response to a given stimulus. Thus, it was highly surprising that the phosphorylated EPIYA-motifs of CagA can interact with many different SH2 domains as identified by a proteomics-based study (Selbach et al., 2009) . Until today, altogether ten SH2 domain containing host cell binding partners of CagA have been identified, but none with a PTB domain (Backert et al., 2016) . Among them are four well-known kinases -Src, Abl, carboxy-terminal Src kinase (Csk) and phosphatidylinositide 3-kinase (PI3K). It therefore appears that CagA PY specialized during evolution to target SH2 domains, and not PTB domains. This suggests that CagA PY evolved as a versatile 'masterkey' or 'picklock' that can interfere with host cell signaling at multiple levels. Such a 'masterkey' may not be ideally suited to access each individual target factor. However, the observed promiscuity allows interaction with a diverse set of targets . In biochemical terms this suggests that the interaction of CagA PY with SH2 domains may have relatively low specificity combined with a low affinity. This possibility was clarified experimentally in vitro by measuring the binding capacity of CagA PY peptides to the SH2 domains of Csk and PI3K as compared to phospho-peptides from various mammalian binding partners (Selbach et al., 2009) . The observation that the EPIYA-region is unstructured und could adopt numerous conformations provides further support for this hypothesis (Ne sic et al., 2010) . We propose that this promiscuity may allow H. pylori to gain greater control on the host cell. In fact, targeting of multiple pathways in parallel appears to be a common strategy of various bacterial pathogens (Gagnaire et al., 2017) . It could also be imaginable that this promiscuity may allow H. pylori and CagA to utilize discrete functions in different cell types, an intriguing possibility that awaits investigation in future.
CagA-kinase signaling in cultured epithelial cells
Interaction of CagA with Src and Csk kinases
Src was discovered as the first kinase of CagA (Selbach et al., 2002; Stein et al., 2002) . However, ectopic expression of CagA or infection of AGS and other cell lines lead to rapid inactivation of Src after 1-2 h (Selbach et al., 2003; Tsutsumi et al., 2003) . The conclusion was that once CagA is phosphorylated by Src, CagA PY can inhibit its own kinase by a classical negative feedback loop mechanism. H. pylori-mediated Src inactivation involves both dephosphorylation of the Src autophosphorylation residue (Y-418) and phosphorylation of the inhibitory C-terminal site (Y-527). This is achieved by Csk, a negative regulator of Src, which can bind CagA PY via its SH2 domain followed by the activation of Csk kinase activity and phosphorylation of Src at Y-527 (Selbach et al., 2003 (Selbach et al., , 2009 Tsutsumi et al., 2003) . In addition, CagA PY can directly bind to Src, but if this interaction contributes to Src inactivation is not fully clear (Selbach et al., 2003) . However, CagA seems to mimic the Grb2-associated binder (Gab1) adaptor protein (Botham et al., 2008) and pragmin, one of a few eukaryotic proteins also containing an EPIYA phosphorylation site . In addition to controlling the phosphorylation status of CagA, Src contributes to the activation of pro-inflammatory transcription factor NF-jB through direct phosphorylation of IjB kinase beta (IKKb), and regulates Akt and mitogen-activated protein (MAP) kinases such as extracellular signal-regulated kinases (ERK1/2) as discussed below (Rieke et al., 2011; Sokolova et al., 2014) . At a later stage of infection (>2 h), inactivation of Src leads to tyrosinedephosphorylation of various Src substrates, including the actin-binding proteins cortactin (Selbach et al., 2003) , ezrin (Selbach et al., 2004) and vinculin (Moese et al., 2007) . These CagA PY -induced tyrosine dephosphorylation events are required for downstream signaling leading to cytoskeletal rearrangements triggering cell motility, scattering and elongation. However, the phosphatases involved in this scenario are still unknown and need to be identified in forthcoming studies.
Abl kinase controls CagA phosphorylation
The observation that Src can phosphorylate CagA in vivo and in vitro highlighted the importance of this kinase during early infection. Later it was demonstrated that two Abelson kinase members (Abl and Arg) are constitutively activated by H. pylori as shown by autophosphorylation at Y-412, but not at the Y-245 site (Poppe et al., 2007; Tammer et al., 2007) . Immunoprecipitated Abl from infections was also active in in vitro kinase reactions using recombinant CrkII, an adapter protein and Abl substrate, and phosphorylated CrkII at Y-221 (Poppe et al., 2007; Tammer et al., 2007) . Interestingly, phospho-CrkII was also produced during the course of AGS cell infection, which can be blocked by the well-known Abl inhibitor Gleevec. Thus, H. pylori has evolved a mechanism during evolution to use at least two tyrosine kinase families, Src and Abl, which control a stepwise and hierarchic phosphorylation pattern of CagA (Mueller et al., 2012) . Src only phosphorylated EPIYA-C and -D, whereas Abl phosphorylated the EPIYA-A, -B, -C and -D motifs. It was further demonstrated that sustained kinase activity of Abl is necessary to maintain CagA PY in the phosphorylated state, especially during late times of infection when Src is inactive (Poppe et al., 2007; Tammer et al., 2007) . Remarkably, these two CagA kinases are distinguished oncoproteins. Both kinase families, which regulate multiple cytoskeletal processes as well as differentiation and proliferation of healthy cells, are also key players in tumorigenesis and phosphorylate CagA.
Interaction of CagA with Abl and induction of host cell motility
The importance of Abl for downstream signaling leading to the AGS cell scattering phenotype was studied in detail. For example, overexpression of kinase-dead Abl (K290M) or phosphorylation-deficient CrkII Y221F mutant in AGS cells inhibited the H. pylori-induced cytoskeletal rearrangements (Tammer et al., 2007) . Conversely, cotransfection of constitutively-active Abl (P242/249E) and wild-type CagA (but not phosphorylation-deficient CagA mutants) was necessary and sufficient to induce pronounced AGS cell motility and elongation in the absence of H. pylori infection, while this can be blocked when coexpressing wild-type CagA with kinase-dead Abl (Tammer et al., 2007 Poppe et al., 2007; Tammer et al., 2007) . The formation of this complex may be accomplished by initial interaction between CagA PY and the SH2 domain of various Crk isoforms (Suzuki et al., 2005; Tammer et al., 2007) . The downstream effects involve H. pylori-induced gastric epithelial cell motility and scattering (Suzuki et al., 2005; Poppe et al., 2007; Tammer et al., 2007) . Furthermore, inhibition of the SOS/H-Ras/Raf1, C3G/Rap1/B-Raf, Dock180/Rac1/Wiskott-Aldrich syndrome protein family pathways, all of which are involved downstream of Crk adaptors, greatly inhibited these CagA-mediated responses (Suzuki et al., 2005; Brandt et al., 2007 Brandt et al., , 2009 Poppe et al., 2007; Tammer et al., 2007) . Taken together, the results discussed above demonstrate that CagA targeting of Crk and Abl play a central role in inducing the pleiotropic cell responses to H. pylori infection that can cause several gastric diseases, including gastric cancer. Thus, Abl kinases represent promising pharmacological targets for intervention in H. pylori-triggered gastric diseases.
Association of CagA with c-Met and CD44 signaling
c-Met is a well-known member of receptor tyrosine kinases (RTKs) with important functions in embryo development, organogenesis and wound healing, but also cancer progression (Suzuki et al., 2009; Gherardi et al., 2012) . After binding of hepatocyte growth factor (HGF), c-Met becomes auto-phosphorylated in the intracellular domain. c-Met PY then interacts with signaling molecules such as growth factor receptor-bound protein 2 (Grb2) and Gab1. Early work has shown that H. pylori infection induces c-Met phosphorylation in AGS cells (Churin et al., 2003) . Immunoprecipitation studies revealed that the intracellular tail of c-Met associates with translocated CagA. In addition, CagA interacts with phospholipase C-g (PLCg), but not with Grb2 or Gab1, which increased c-Met signaling and motogenic responses leading to scattering of infected AGS cells (Churin et al., 2003) . Another set of proteins associated with c-Met are matrix metalloproteinases (MMPs), which are often upregulated in tumor cells . MMPs degrade extracellular matrix proteins and cleave various receptors, thus contributing to cancerogenesis. Interestingly, H. pylori infection increases the activity of MMP-2 and 29 in a c-Met-and T4SS-dependent manner (Oliveira et al., 2006) . This was performed by matrigel invasion assays using AGS cells infected with H. pylori in the presence or absence of cMet inhibitors and silencing of c-Met by siRNA. In addition, using isogenic mutants it was confirmed that MMP upregulation is CagA-dependent (Oliveira et al., 2006) . A subsequent immunoprecipitation study described a multiprotein complex formed by CagA, c-Met, E-cadherin and p120-catenin (Oliveira et al., 2009) . Downregulation of c-Met by siRNA abolished this complex, supporting the central role of c-Met in this interaction. This multiprotein complex was sufficient to abrogate cMet and p120-catenin tyrosine phosphorylation and suppressed the cell-invasive phenotype by H. pylori. In following studies, H. pylori infection of human-and mousederived gastric organoids triggered epithelial cell proliferation which correlated with c-Met phosphorylation (McCracken et al., 2014; Bertaux-Skeirik et al., 2015) . In addition, a trimeric complex formed by c-Met, CagA and cluster-of-differentiation protein CD44, a co-receptor for c-Met, was discovered (Bertaux-Skeirik et al., 2015) . The formation of this complex was not detected in cagA mutant-infected organoids, implicating that translocated CagA initiates this protein-protein interaction. Furthermore, gastric organoids prepared from CD44-knockout mice were infected with H. pylori and epithelial cell proliferation was diminished (Bertaux-Skeirik et al., 2015) .
In conclusion, the above experiments revealed an important new function of CagA, c-Met and CD44 in epithelial cell proliferation correlating with gastric pathogenesis. However, there are several unanswered questions regarding the exact binding parameters within the multiprotein complexes that should be studied in future.
Regulation of MAP kinase signaling
Downstream of RTKs such as c-Met are various MAP kinase cascades, including ERK1/2, c-Jun N-terminal kinases (JNKs) and p38 kinases (Hazzalin and Mahadevan, 2002; Naumann et al., 2017) . The general concept is that MAP kinases are activated in the cytoplasm and translocate into the nucleus, where they phosphorylate other kinases, transcription factors, co-activators, nucleosomal proteins and others, triggering various nuclear responses. During H. pylori infection, it was reported that the non-phosphorylated form of CagA increased serum response element (SRE)-driven and serum response factor (SRF)-driven nuclear transcription in a Shp2-and MAP kinase-related manner (Hirata et al., 2002) . This was supported by whole genome cDNA microarray studies of infected T84 cells, showing that H. pylori regulated the transcription of altogether 610 host genes, from which 479 (79%) were CagA-dependent, including 151 genes that did not require CagA phosphorylation (El-Etr et al., 2004) . Among the CagAdependent targets were various upregulated kinases, including CDK7 (cyclin-dependent kinase 7), Pim1 (proviral integration site for Moloney murine leukemia virus 1) and MAPK6 (mitogen-activated protein kinase 6), whose specific function during infection awaits further investigation. In another global screen using phosphoproteomics, AGS cells were infected with H. pylori wildtype and mutants to obtain a comprehensive picture of multiple infection conditions (Glowinski et al., 2014) . Altogether, 85 different phosphotyrosine peptides were recognized to be differentially regulated on infection, with the majority derived from MAP kinases. The T4SS and CagA were identified to be key regulators of tyrosine phosphosites. These findings indicate that CagA predominantly triggers the activation of ERK1 and integrin-linked signaling factors, whereas the T4SS primarily modulates JNK and p38 activation (Glowinski et al., 2014) . Further studies showed that cagA-positive H. pylori induced ERK1/2 activation, which may play a protective role against apoptosis of cultured gastric epithelial cells, partially through expression of antiapoptotic and pro-survival protein Bcl-2 (Choi et al., 2003) . Finally, the above mentioned H. pylori-induced motogenic response in AGS cells is suppressed by pharmacological inhibition of ERK1/2 kinases (Churin et al., 2003) . Profound activation of the ERK1/2 kinase pathway by translocated CagA has been confirmed by other groups (Mimuro et al., 2002; Higashi et al., 2004; Brandt et al., 2005) , but the downstream targets to induce cell motility during infection were unknown for long time. One discovered ERK1/2 target is the actinbinding protein cortactin, which is discussed below.
Early EGFR activation and inhibited receptor endocytosis H. pylori profoundly activates the epidermal growth factor receptor (EGFR) and its family members Her2/Neu and Her3/ErbB3 (Keates et al., 2001; Churin et al., 2003; Tegtmeyer et al., 2010) . Elevated mucosal levels of EGF and the EGFR have also been found in antral gastric biopsies of infected patients. Early in vitro engagement of EGFR activates the ERK-pathway and stimulates NF-jB, which triggers interleukin-8 (IL-8) release, mitogenic signaling and suppression of the H,K-ATPase a inhibiting gastric acid secretion (Keates et al., 2001; Saha et al., 2010 , Zhu et al., 2015 . EGFR also controls prostaglandin E 2 expression, COX-2 upregulation and Akt kinase phosphorylation, which modulate anti-apoptotic and DNA damage responses during infection (Yan et al., 2009; Chaturvedi et al., 2014) . However, a critical mechanism for regulating EGFR activity is ligand-induced endocytosis (Tanos and Pendergast, 2006) . In the healthy epithelium, the internalized receptor recycles back to the plasma membrane for continued signaling or is targeted for degradation, which stops receptor signaling. Interestingly, H. pylori blocks EGFR endocytosis and receptor degradation on prolonged infection of gastric epithelial cells (Bauer et al., 2009 (Bauer et al., 2012) . It was also shown that pharmacological inhibition or knockdown of Shp2 expression rescued hBD3 synthesis and its bactericidal activity. Thus, these studies document an elegant pathway how H. pylori uses CagA PY to evade a key innate mucosal defense and supports persistent infection.
Exploitation of FAK activity by CagA
Focal adhesion kinase (FAK) is a crucial tyrosine kinase controlling cell adhesion, spreading, differentiation, motility and death (Mitra et al., 2005) . Through diverse molecular connections, FAK can influence the host cell cytoskeleton and structures of focal adhesion sites that engage extracellular matrix molecules. It was shown that H. pylori targets FAK by two independent processes leading to its tyrosine phosphorylation (activation) or tyrosine dephosphorylation (inactivation (Tabassam et al., 2008) . At the molecular level, activation of FAK occurs by the stimulation through integrins (Kwok et al. 2007 ) and intracellular recruitment of cortactin (Tegtmeyer et al., 2011) . The tyrosine and serine phosphorylation status of cortactin rules its subcellular localization and signaling partners. In fact, CagA PY -induces the rapid dephosphorylation of cortactin at tyrosines Y-421, Y-466 and Y-482, while ERK simultaneously phosphorylates serines S-405 and/or S-418 (Selbach et al., 2003; Tegtmeyer et al., 2011) . On later infection (2-6 h), cortactin phosphorylated at S-405 (and to lesser extend at S-418) was found to interact with and stimulate the kinase activity of FAK. This interaction was established through the C-terminal SH3 domain of cortactin and a proline-rich sequence (PxxP-motif) in FAK (Tegtmeyer et al., 2011) . Interestingly, expression of phosphomimetic constructs and DSH3 mutants suggested that cortactin's serine phosphorylation sites and the SH3 domain are required for signal transduction supporting phenotypic outcome, while tyrosine phosphorylation had suppressive effects. This study therefore unraveled a previously unrecognized FAK activation mechanism (Tegtmeyer et al., 2011) . Conversely, transfection of CagA in the absence of H. pylori reduces the level of FAK tyrosine phosphorylation in AGS cells (Tsutsumi et al., 2006) . The decrease in phospho-FAK is due to CagA PY /Shp2-dependent dephosphorylation of various phosphorylation sites in FAK (Tsutsumi et al., 2006) . Taken together, we propose that CagA targets cortactin to activate FAK for protecting the gastric epithelium from excessive cell lifting and ensure sustained infection in the stomach, while inhibition of FAK by Shp2 can counteract this activity, which may be involved in the development of gastric lesions.
Manipulation of JAK/STAT signaling through gp130
Glycoprotein 130 (gp130) is a transmembrane protein and founding member of cytokine receptors. Two major signaling cascades are activated by gp130, Shp2/ERK1/ 2 and JAK/STAT3, which play important roles in normal development and gastric cancer (Howlett et al., 2009; Lee et al., 2012; Zhang et al., 2012) . Well-known Shp2 signaling cascades include the IL-6 family cytokines, IL-6 and IL-11. It was shown that imbalanced IL-6 signaling in the gp130 757FF (chimeric gp130 receptor carrying a Y757F point mutation) mouse model of gastric cancer arising from hyperactivation of oncogenic STAT3 after altered Shp2-ERK1/2 signaling produces dysplastic antral tumors preceded by gastritis and metaplasia (Jackson et al., 2007) . In gastric biopsies, it was found that STAT3 and ERK1/2 activation is increased in CagApositive H. pylori-dependent gastritis and the expression of IL-6 and IL-11, which activate STAT3 and ERK1/2 pathways, is associated with progression to gastric cancer (Jackson et al., 2007) . The involvement of Shp2 in this Lee et al., 2010) . Further studies have shown that CagA impairs human dendritic cell maturation and function through IL-10-mediated activation of STAT3 which could contribute to the persistent infection of H. pylori (Kaebisch et al., 2014) .
Signaling to partitioning-defective 1b (Par1b) kinase and changing cell polarity Par1b, also known as MARK2 (microtubule affinityregulating kinase 2), has an essential role in controlling cell polarity in the healthy epithelium (Yamahashi and Hatakeyama, 2013) . To maintain apical cell polarity, atypical protein kinase C (aPKC) phosphorylates Par1 at two threonine residues, T-208 and T-595, and thereby excludes Par1 from localizing to the tight junctions. Ectopic expression of CagA in host cells induced the recruitment of Par1b from the cytosol to the plasma membrane causing junctional defects (Saadat et al., 2007; Zeaiter et al., 2008) . Further studies have shown that CagA can directly bind to Par1b, but also other isoforms such as Par1a, Par1c and Par1d (Saadat et al., 2007; Lu et al., 2009) . The interaction between Par1 and CagA leads to reduced phosphorylation of Par1 at T-595, which inhibits its kinase activity (Saadat et al., 2007) . Co-crystal structures have shown that a C-terminal CagA peptide binds Par1b in the substratebinding region near the interface between the two lobes of the kinase (Ne sic et al., 2010). Biochemical studies have indicated that the CagA fragment binds Par1b in an 1:2 ratio, and that a short 14 amino acid peptide alone is sufficient to inhibit Par1b kinase activity (Ne sic et al., 2010). The CagA peptide has been named 'MKI' (MARK2 kinase inhibitor) similar to PKI, a well-known peptide inhibitor of protein kinase A (PKA). Remarkably, the fashion by which the MKI peptide interacts with the substrate-binding cleft in Par1b is reminiscent of how PKI binds to and inhibits PKA (Knighton et al., 1991) . Thus, H. pylori has evolved a peptide to mimic host substrates of Par1b kinase to manipulate eukaryotic cell polarity, which represents an amazing example of convergent evolution. Interestingly, the MKI sequence corresponds to that of the CRPIA-motif (Fig. 1A and B) . Further studies have shown that differences in the structure and number of CRPIA-motifs, influences the CagAPar1b binding affinity. This appears to have a direct impact on the virulence potential of individual CagA variants. CagA from East Asian strains can bind Par1b with higher affinity compared to CagA from Western-type H. pylori (Lu et al., 2008) . Further elucidation suggested that dimerization of CagA potentiates the CagA-Shp2 interaction and Par1 inhibition (Nagase et al., 2011) . A unique interrupted CRPIA sequence was discovered in the natural Amerindian v225d variant of CagA, which was unable to cause cell polarity defects (Hashi et al., 2014) . It was also shown that an increase of the CRPIA copy number in Western CagAs enhances the binding affinity to Par1b in an exponential manner (Nishikawa et al., 2016) . In addition, it was found that two CRPIAmotifs of a Western CagA have a similar binding strength than one CRPIA-motif from an East Asian CagA with a modified sequence. It is supposed that H. pylori disrupts the epithelial cell polarity to gain access to iron from the basolateral side of host cells (Tan et al., 2011; Nishikawa et al., 2016) . Therefore, strains with modified CagA variants like v225d exhibit a reduced fitness because of the inability to bind Par1b and the corresponding failure of iron acquisition.
Role of CagA and Par1b kinase in other host cell responses
Besides changing cell polarity, the CagA-Par1b interaction revealed various other signaling events. The CagAmediated Par1 binding reduces the cellular level of inhibitor of jB (IjB), which normally binds and sequesters NF-jB in the cytoplasm (Suzuki et al., 2015) . This IjB reduction was due to CagA-mediated inhibition of Par1, which may stimulate IjB degradation by perturbing microtubule stability. However, CagA-mediated IjB reduction did not automatically lead to NF-jB activation; it reduced the threshold of NF-jB activation by inflammogenic insults, thereby contributing to colitis exacerbation in CagA-transgenic mice (Suzuki et al., 2015) . In addition, the reorganization of the cytoskeleton is influenced through a functional link between Par1b and small Rho family GTPases (Yamahashi et al., 2011) . Thus, inhibition of Par1b by CagA leads to the activation RhoA, whose activity is usually suppressed by Par1b (Nishikawa et al., 2016) . Wound healing assays of infected AGS cells showed elevated activity of CagApositive strains compared to CagA-negative strains, revealing an effect of the CagA-Par1b interaction on activating cell motility. An additional experiment using an H. pylori strain without CRPIA-motif provided further hints that the CagA-Par1b interaction affects the motogenic activity of CagA (Kikuchi et al., 2012) . Finally, the interaction of CagA and Par1b appears to increase the stability of CagA, which has a biological half-life of about 200 min in gastric epithelial cells (Ishikawa et al., 2009) . Taken together, an important outcome of the CagAPar1b interaction is the destabilization of epithelial cell integrity, which leads to cell polarity defects and other described responses as major steps in gastric carcinogenesis. Therefore, future studies should clarify if the extensive knowledge about the CagA-Par1b interaction could be used for developing anti-cancer drugs.
Signaling to PAK-1 (PKNa, PRK1) and PAK-2 (PKNc, PRK2)
Members of the p21-activated kinase (PAK) family are also known as protein kinase C-related kinases (PRKs) and belong to the protein kinase C superfamily (Kumar et al., 2017) . PAKs regulate the actin-cytoskeleton and cell morphology, and control various transcription factors such as NF-jB. During H. pylori infection, CagA can directly interact with PAK-2, also called PRK2 (Mishra et al., 2015) . Non-phosphorylated CagA recruits PAK-2 from the cytosol to the membrane and inhibits its kinase activity. This recruitment is independent from that of PAK-1 and requires a different binding domain than the Cterminal dimerization motifs, which are important for binding of the catalytic active site of PAK-1. In addition, it was proposed that PAK-2 triggers the activation of the Src family member Fyn. If CagA inhibits PAK-2, it is likely that depleted Fyn activation weakens the E-cadherin/bcatenin interaction to disturb cellular junctions (Mishra et al., 2015) . Further studies have shown that PAK kinases are directly coupled to the PAK-interacting exchange factor (PIX) family of guanine nucleotide exchange factors (Manser et al., 1998) . In H. pyloriinfected AGS cells, phosphorylation of CagA provokes the dephosphorylation of a-PIX, which may modulate cytoskeletal changes of gastric epithelial cells through PAK (Baek et al., 2007) . Subsequent analyses showed that the interaction of CagA with a-PIX is required for activation of PAK-1, ERK1/2 and NF-jB, and therefore induces IL-8 secretion (Lim et al., 2009) . Another report showed that activated PAK-1 associates with NF-jBinducing kinase during infection, leading to the onset of host innate immune responses, which are independent of CagA (Foryst-Ludwig and Naumann, 2000) . Taken together, further research is necessary to elucidate the cellular function of PAK-2 inhibition through CagA and the unknown aspects of PAK-1 activation during infection.
Activation of PI3K and Akt kinase
In healthy tissues, the PI3K/Akt pathway is involved in different processes such as cell survival, migration and growth, and is upregulated in gastric cancer cells (Franke, 2008) . A classical pathway is the activation of PI3K by EGFR. Active PI3K can phosphorylate the second messenger phosphatidylinositol (3,4)-bisphosphate (PIP2) to generate phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which then stimulates Akt kinase and its downstream targets (Franke, 2008) . Multiple studies have shown that H. pylori can activate PI3K/Akt by three different pathways. First, it was reported that CagA by directly binding to c-Met, and via the PI3K/Akt pathway, can activate b-catenin, and thus, upregulating the expression of cancer-associated genes including c-myc (Suzuki et al., 2009) . The interaction between CagA and c-Met has been proposed to occur by the CRPIA-motif, but the binding site in c-Met is still unclear and should be identified in future studies. A second mechanism of Akt activation by H. pylori was described through a direct interaction of CagA PY with PI3K (Selbach et al., 2009 ). In particular, the phosphorylated EPIYA-B motif can interact with the SH2 domain of PI3K as determined by immunoprecipitation and mass spectrometry. Subsequent studies reported about an A/T polymorphism in the EPIYA-B motif in worldwide strains, so the last amino acid of the motif could either be an alanine (EPIYA) or a threonine (EPIYT) (Zhang et al., 2015) . It was demonstrated that CagA with an EPIYT-motif has an even higher affinity toward PI3K compared to CagA with an EPIYA-B motif, which leads to an increased secretion of IL-8 and host cell elongation. This is due to an additional side-chain hydrogen bond formed by the threonine with an asparagine residue of the PI3K SH2 domain, which increases the binding affinity (Zhang et al., 2015) . This interaction is absent in the conventional EPIYA-B motif. In addition, there are various subsequent reports studying the downstream effects of the PI3K/Akt pathway. For example, a negative regulation of the cellular tumor suppressor p53 was reported in H. pylori-infected cultured cells and Mongolian gerbils (Wei et al., 2010) . This negative regulation is induced by ubiquitination of p53 through the ubiquitin ligase HDM2, which is activated by Akt phosphorylation. The authors proposed that Akt is stimulated by directly interacting with translocated CagA, thus enhancing negative regulation of p53 through HDM2. The interaction of CagA with Akt and the resulting decrease of p53 were proposed to Host kinases hijacked by CagA 365 be independent of CagA phosphorylation. Taken together, this represents a third phosphorylationindependent pathway how H. pylori could activate PI3K/ Akt (Wei et al., 2010) . Thus, it appears that nonphosphorylated CagA and CagA PY may contribute in different ways to the activation of Akt, but these cascades need to be investigated in more detail in the future.
CagA targets GSK-3 kinase and epithelial-mesenchymal transition
Gastric cancerogenesis is known for its aggressiveness and tendency to metastasize. Epithelial-mesenchymal transition (EMT) is the initial step in metastasis, orchestrated by various cellular factors (Li and Huang, 2017) . As discussed above, translocated CagA can deregulate cell polarity and scattering, which basically resembles an EMTlike phenotype. It was shown that CagA induces EMT by stabilizing Snail, a transcriptional repressor of E-cadherin expression (Lee et al., 2014) . In this scenario CagA can bind glycogen synthase kinase 3 (GSK-3), resulting in downregulation of GSK-3 kinase activity. The authors also observed that the level of Snail protein expression is elevated in H. pylori-infected clinical samples. These results suggest that CagA acts as a pathogenic scaffold protein, which induces a Snail-mediated EMT phenotype by depletion of GSK-3. Further studies have investigated EMT and cell migration in CagA-or gastrokine 1 (GKN1)-transfected cells and in H. pylori-infected mucosal tissues (Yoon et al., 2014) . CagA induced the activation of PI3K/Akt signaling cascades and EMT-related proteins. Infection with CagApositive H. pylori also reduced the gene copy number of GKN1 and GNK1 expression in gastric cells and biopsies, while GKN1 overexpression inhibited the carcinogenic effects of CagA (Yoon et al., 2014) . The authors proposed that these effects are mediated by direct binding of CagA to GNK1. These results suggest that GKN1 might be a novel target to inhibit the effects of CagA and should be investigated in more detail. In addition, MMP-3 has been described to stimulate various molecular changes leading to EMT and carcinogenesis of epithelial cells. To identify a role of CagA in MMP-3 production, numerous gastric epithelial cell lines were infected with H. pylori expressing CagA proteins with variable numbers of wild-type EPIYAand phosphorylation-deficient EPIFA-motifs (Sougleri et al., 2016) . Increased levels of MMP-3 were only found for strains carrying more than two functional EPIYA-motifs in CagA. Using zymography, an EPIYA phosphorylationdependent increase in gelatinase and caseinolytic activity was detected in cell culture supernatants (Sougleri et al., 2016) . A significant increase in the transcriptional upregulation of the mesenchymal markers Vimentin, Snail and ZEB1 and the stem cell marker CD44 was also observed during infection with H. pylori expressing phosphorylationfunctional EPIYA-motifs in CagA, but not mutants. These data suggest that translocated CagA can induce EMT through EPIYA phosphorylation-dependent up-regulation of MMP-3.
CagA-kinase signaling in animal models
Role of CagA in infected Mongolian gerbils
The Mongolian gerbil animal model has been established as a useful system to investigate gastric pathology by H. pylori infection, which is similar to that in humans, and has been applied to study various bacterial virulence factors. However, there are only a very few infection studies in gerbils using cagA deletion mutants.
Compared to animals infected with wild-type H. pylori, gerbils colonized by cagA knockout strains have been shown to develop significantly less severe gastritis (Rieder et al., 2005; Shibata et al., 2006) . In agreement with these findings, the cagA mutant induced less phosphorylation of IjB and less mRNA expression of interferon-g (IFN-g) and IL-1b in the epithelium as compared to wild-type H. pylori (Shibata et al., 2006) . Further studies in gerbils have shown that H. pylori can suppress apoptosis of gastric epithelial cells in a CagAdependent fashion (Shibata et al., 2006; Mimuro et al., 2007) . Infection with wild-type H. pylori, but not a DcagA mutant, increased the levels of pro-survival factor phospho-ERK via activation of the MEK MAP kinase pathway and induced the expression of anti-apoptotic protein MCL1 in the gastric pits (Mimuro et al., 2007) . Thus, CagA activates host cell survival and antiapoptotic pathways to overcome self-renewal of the gastric epithelium in gerbils, which helps to sustain H. pylori infection (Mimuro et al., 2007) . After eight weeks of infection, a highly adapted H. pylori strain (7.13) induced gastric dysplasia and adenocarcinoma in a large subset of gerbils (Franco et al., 2005) . An important host cell factor that is aberrantly activated in gastric cancer precursor lesions is b-catenin, and activation of b-catenin leads to targeted transcriptional up-regulation of genes implicated in carcinogenesis. Nuclear accumulation of bcatenin was observed in gerbils and in patients carrying cagA-positive vs. cagA-negative strains. In addition, bcatenin was activated in cultured gastric epithelial cells in a CagA-dependent manner (Franco et al. 2005) . Mimicking the outcome of human infection, gerbils infected with H. pylori wild-type strain 7.13 developed gastric cancer, but not during infection with the isogenic cagA deletion mutant (Franco et al., 2008) . In addition, in gerbils and mice, DNA damage (8-oxoguanosine production) was CagA-dependent and present in cells that expressed spermine oxidase (SMO), also involved in gastric carcinogenesis (Chaturvedi et al., 2011) . These results collectively indicate that H. pylori-induced dysregulation of various signaling pathways may explain in part the augmentation in the risk of gastric cancer conferred by this pathogen.
Transgenic expression of CagA in mice induces gastrointestinal and hematopoietic neoplasms Transgenic mice expressing wild-type or phosphorylationdeficient CagA from a systemic or a gastric promoter have been generated (Ohnishi et al., 2008) . Both CagA variants were expressed throughout the body or predominantly in the stomach respectively. Wild-type CagA was shown to undergo tyrosine phosphorylation and to form a complex with Shp2, and activation of the ERK kinase by CagA was confirmed by Western blotting. Despite systemic expression in mice, CagA exhibited oncogenic actions specifically toward gastrointestinal and hematopoietic cells. Wild-type CagA transgenic mice showed gastric epithelial hyperplasia, and a small subset of mice developed gastric polyps and adenocarcinomas of the stomach and small intestine after 72 weeks. Remarkably, tumor formation was found to be dependent on CagA phosphorylation (Ohnishi et al., 2008) . Thus, the observed tissue-specific oncogenic action of CagA might reflect the differential activation status of the CagA kinases, Src and Abl, in different cell lineages. Systemic expression of wild-type CagA further induced leukocytosis with IL-3/GM-CSF (granulocyte macrophage colony-stimulating factor) hypersensitivity and some mice developed myeloid leukemias and B cell lymphomas. Such pathological abnormalities were not observed in transgenic mice expressing phosphorylation-deficient CagA (Ohnishi et al., 2008) . These results provide first direct evidence for the role of CagA as a bacterial oncoprotein in mammals and further highlight the importance of CagA tyrosine phosphorylation in the development of H. pylori associated neoplasms.
CagA increases intestinal cell proliferation by the Wnt pathway in transgenic zebrafish
A transgenic zebrafish model expressing CagA ubiquitously or in the anterior intestine was developed to further study the mechanisms by which CagA can trigger carcinogenesis (Neal et al., 2013) . Expression of wild-type or phosphorylation-deficient CagA revealed the significant upregulation of key Wnt (Wingless-type MMTV integration site family) target genes axin2, cyclinD1 and c-myc followed by elevated rates of intestinal epithelial cell proliferation. These results provide in vivo evidence for the phosphorylation-independent function of CagA in activating the Wnt signaling cascade. Additional experiments showed that the early impact of CagA on intestinal epithelial proliferation required the function of the canonical Wnt signaling component Tcf4 (transcription factor 4), a b-catenin co-factor, and was enhanced by loss of Axin1, a component of the b-catenin destruction complex (Neal et al., 2013) . Long-term transgenic expression of wild-type CagA, but not phosphorylation-deficient CagA, induced significant hyperplasia of the adult intestinal epithelium supporting the importance of CagA phosphorylation in this context. Finally, the model was also applied to identify the oncogenic teamwork between CagA and a 'loss of function' allele of p53, which is sufficient to produce high levels of intestinal small cell carcinoma and adenocarcinoma (Neal et al., 2013) . Taken together, these data nicely establish the functionality of the transgenic zebrafish model to investigate CagA-related cancerogenesis.
CagA promotes apoptosis and tumorigenesis through JNK activation in Drosophila
A transgenic Drosophila melanogaster model expressing CagA has established that CagA functions as a prokaryotic mimetic of the eukaryotic Gab adaptor protein, which normally activates Shp2 (Botham et al., 2008) . The group also demonstrated that CagA expression in Drosophila is sufficient to disrupt the morphogenesis of epithelial tissues by activating myosin light chain (MLC) (Muyskens and Guillemin, 2011) and discovered 12 genes that either suppressed or enhanced CagA's disruption of the eye epithelium (Reid et al., 2012) . It was further shown that CagA expression in the epithelium of the larval wing imaginal disc resulted in dramatic tissue perturbations and apoptotic cell death when CagA-expressing and nonexpressing cells are juxtaposed (Wandler and Guillemin, 2012) . This apoptosis phenotype appeared by activation of JNK signaling and is enhanced by loss of the neoplastic tumor suppressors in CagA-expressing cells or loss of the tumor necrosis factor (TNF) orthologue in wild-type neighboring cells. In addition, CagA expression in Drosophila epithelial cells enhanced the growth and invasion of tumors in an oncogenic Ras activation-and JNKdependent manner (Wandler and Guillemin, 2012) . These data suggest a potential role for CagA-mediated JNK pathway activation in promoting gastric cancer progression, but the exact mechanism is yet unknown and requires further investigation.
Conclusions
H. pylori is the most common chronic bacterial infection worldwide and causes significant human disease.
Host kinases hijacked by CagA 367
Understanding how this organism communicates with its host is essential for establishing effective treatment strategies to deal with its most important clinical consequences. Studies on host-bacterial interactions and bacterial virulence factors have provided significant insights for clinical practice. Research on the function of important virulence determinants such as CagA and the T4SS has offered us fundamental insights into H. pylori biology. It is now clear that translocated CagA plays a central role in pathogenesis and various involved mechanisms have been elucidated. CagA has emerged as extremely versatile effector protein that interferes with multiple host cell functions. Here we reviewed the signal transmission by translocated CagA on cellular kinases, which have been found to be activated (including Abl, c-Met, Csk, EGFR, PI3K, Akt, GSK-3, JAK, FAK, aPKC and MAP kinases) or inactivated (Src, Par1 and PRK2) respectively. This scenario has been found to manipulate a variety of cellular processes (cell adhesion, proliferation, motility, polarity, apoptosis, inflammation, receptor endocytosis and cell cycle progression). However, much remains to be elucidated regarding the molecular mechanisms of their interactions and signaling. In the future, more structural information on full-length CagA and of the various complexes formed with signaling factors should provide further detailed and mechanistic insights how CagA operates in the host cell. The resulting knowledge must be confirmed during infection of cultured epithelial cells, in the various animal models and in biopsies derived from patients with different gastric diseases. Finally, the evolutionary advantage of CagA and the T4SS for H. pylori needs to be studied more comprehensively. The suppression of antimicrobial peptides such as hBD3 supporting bacterial survival is one reasonable option. Future work should use new technologies including highthroughput DNA and RNA sequencing, modern microscopic, proteomics-based and cell signaling methodologies to identify and characterize novel virulence mechanisms in vitro and in vivo, which are crucial to provide fresh insights into the diversity of strategies employed by this important pathogen to persistently colonize its host and cause gastric disease. Thus, H. pylori CagA will continue to be a fascinating and rewarding subject in future research.
